Introduction
============

The synovium is a highly organized tissue that resides between the joint cavity and the fibrous joint capsule. In healthy states, the predominant cell type is of mesenchymal origin and demonstrates fibroblast-like features. These cells condense and accumulate at the tissue--joint cavity interface to form a distinct structure called the synovial lining layer. Electron microscopy revealed extensive cell-to-cell contacts within the lining layer \[[@B1]\]. These adhesive cell interactions are probably critical for the organization as well as the structural and functional integrity of the synovial lining layer. Yet the molecular basis for these interactions is not known. The recent identification of cadherin-11 expression in fibroblast-like synoviocytes (FLSs) provides new insight into synovial tissue organization and morphogenesis.

Cadherins are integral membrane adhesion molecules that typically mediate calcium-dependent adhesion between cells of the same type within a tissue \[[@B2]\]. Cadherins are expressed in a tissue-restricted pattern and are well known for their role in cell recognition and cell sorting during development \[[@B3]\]. Some cadherins are named for the tissue in which they are found, such as the epithelial (E-) cadherin, neural (N-) cadherin and placental (P-) cadherin \[[@B4]\]. Importantly, each cadherin typically binds to another cadherin of the same type (E-E, P-P, N-N). Cadherins are composed of five extracellular domains that mediate binding to a cadherin molecule on an adjacent cell (Fig. [1](#F1){ref-type="fig"}). The molecular interactions with intracellular catenins at the cytoplasmic tail link the cadherin adhesive junction to the actin cytoskeleton and determine cadherin adhesiveness and cell shape (Fig. [1](#F1){ref-type="fig"}) \[[@B5]\]. Cadherins have also been implicated in contact inhibition of cell proliferation \[[@B6]\]. Compelling evidence indicates a regulatory role for cadherins in cell migration, cell invasion and in the malignant transformation of cancer cells \[[@B7],[@B8]\].

Cadherins in tissue morphogenesis
=================================

Tissue formation during development requires adhesive cell interactions to gain tissue integrity and to organize cells into a structure that confers proper tissue and cell function. Classical cadherins and catenins, together with the cytoskeletal components, provide the molecular means for cell interactions that stably connect cells together. Cadherins also regulate cell movement that is required for morphogenic processes such as cell sorting, cell condensation, and cell rearrangement \[[@B3]\]. Importantly, these cadherin-mediated processes continue to be critical in later life to the maintenance of tissue integrity and architecture.

The process of cadherin-based cell-to-cell contact formation results in the assembly of a multiprotein junctional complex called the adherens junction (Fig. [1](#F1){ref-type="fig"}). Adherens junction formation requires specific structural properties of the cadherin molecule. Calcium binding to the cadherins provides the structural rigidity of the five extracellular domains that emanate from the plasma membrane and form stable molecular interactions with cadherins on adjacent cells (Fig. [1](#F1){ref-type="fig"}) \[[@B9]\]. Disruption of calcium binding has been shown to abolish adhesive function \[[@B10]\]. Atomic structures of cadherin domains have led to a model for the cadherin adhesive interaction in which the membrane-distal extracellular domains mediate the dimerization of cadherins on the same cell and their attachment to the membrane-distal domains of cadherins from adjacent cells. Critical molecular pockets accept amino acid residues from cadherins on adjacent cells, resulting in their binding \[[@B11]\]. More extensive lateral clustering of cadherin molecules at sites of cell-to-cell contact is also needed to establish stable intercellular adhesion \[[@B3]\]. At the cytoplasmic face, cadherins must form complexes with intracellular catenins and the actin cytoskeleton to gain adhesive activity \[[@B5]\]. β-Catenin binds at the distal domain (β-catenin binding sequence, CBS) and mediates the linkage of the cadherin-based junction to the actin cytoskeleton by binding α-catenin, which in turn directly associates with actin filaments (Fig. [1](#F1){ref-type="fig"}). Because tyrosine phosphorylation of β-catenin is correlated with decreased adhesive activity in response to certain stimuli, β-catenin also operates as a regulator of cadherin adhesiveness \[[@B12]\]. p120 catenin binds at the cytoplasmic juxtamembrane domain and has a key role in maintaining normal levels of cadherin in cells by regulating cadherin trafficking (Fig. [1](#F1){ref-type="fig"}) \[[@B13]\].

Besides the necessity to stably connect cells to one another, morphogenesis involves dynamic changes in the arrangement of cells within a tissue \[[@B3]\]. These changes require the constant reorganization of adhesive contacts. Cadherins influence this process in several ways. First, disengagement of cells that are connected to one another requires the release of cadherin-adhesive junctions so that the cells can move apart. Second, cadherin adhesive interactions may allow cell movement by directly generating the traction between cells for cell rearrangements to occur \[[@B14]\]. Third, cadherins by themselves may serve as a substrate for the migration of cells across other cells \[[@B14]\]. A compelling example has been provided for a direct role of a classical cadherin in cell migration on a cellular substrate. During *Drosophila*oogenesis, DE-cadherin (the *Drosophila*equivalent of vertebrate E-cadherin) is required for border cells to move on the surface of the germline cells. Notably, in this situation, DE-cadherin serves as the substrate that promotes the migration of cells on top of other cells \[[@B14]\].

A major morphogenic transition mediated by cadherins is the process of cell condensation (Fig. [2](#F2){ref-type="fig"}). During this process, loosely organized cells condense and form intimate contacts along their surfaces. Cell condensation is a key feature of cadherin function and has important implications for the accumulation of cells at distinct areas of the tissue. For example, in the early mouse embryo, rapid activation of E-cadherin function forces loosely adherent blastomeres to form an epithelium, in which cells condense in an ordered fashion \[[@B15]\]. Cadherins are also instrumental in the process of tissue extension. This is brought about by the directed migration of cells and involves cellular rearrangements in which cells remain in close contact while crawling over each other to expand the tissue (Fig. [2](#F2){ref-type="fig"}) \[[@B14]\]. This cadherin-driven migratory activity determines many developmental processes, including limb or neural tube formation \[[@B3]\]. In later life, cellular rearrangement as a method of tissue extension has been proposed as a mechanism for tumor progression in which tumor cells rearrange so as to extend the tumor mass into host tissues.

Cadherin-11 mediates FLS cell-to-cell adhesion
==============================================

Given the fact that essentially every solid tissue expresses a cadherin, Valencia and colleagues hypothesized that there exists a synovial cadherin and that this cadherin might have a function in synovial tissue organization \[[@B16]\]. To identify a cadherin species expressed in synoviocytes, they applied a reverse transcription polymerase chain reaction approach using degenerate oligonucleotides corresponding to conserved sequences among human cadherin cytoplasmic tails. This approach revealed the expression of cadherin-11 in cultured FLSs \[[@B16]\]. Indirect immunohistochemistry of frozen synovial tissue sections derived from RA patients revealed specific staining of cadherin-11 in the synovial lining layer. Cadherin-11 reactivity was also seen on a small subset of cells in the sublining. Analysis of osteoarthritic or normal synovium revealed a similar staining pattern. Flow cytometric analysis of freshly dispersed synovial cells indicated cadherin-11 expression predominantly on FLSs but not on cells of hematopoietic origin, including macrophage-like synoviocytes. Functional studies confirmed homophilic adhesive activity of cadherin-11 in FLSs. Morphogenic activity of the synovial cadherin was demonstrated with the use of stably transfected L-cells. On the expression of cadherin-11, L-cells became connected to one another, then condensed and formed aggregates. At higher cell density, the cells formed extensive and intimate contacts along their surfaces, ultimately leading to the formation of a continuous sheet of cells. In contrast, control L-cells transfected with empty vector were loosely organized and the assembly of cells into a tissue-like structure was not observed (Fig. [3](#F3){ref-type="fig"}). Moreover, cellular organization assays *in vitro*demonstrated that cadherin-11 expression confers upon L-cells the ability to become organized into a lining-layer-like structure (Fig. [4](#F4){ref-type="fig"}). These results *in vitro*support the notion that cadherin-11 *in vivo*mediates cell-to-cell adhesion and confers upon FLSs the capacity to organize into the synovial architecture.

Cadherin-11 in synovial tissue architecture
===========================================

The normal synovial lining layer is a condensed accumulation of cells one to four cells thick that resides between the fluid-filled joint cavity and a more loosely packed stroma \[[@B17]\] (Fig. [2](#F2){ref-type="fig"}). In contrast to the highly organized epithelia, the synovial lining lacks tight junctions, desmosomes and a discrete basement membrane \[[@B1]\]. Rather, it is composed of a compacted network of cells within a lattice of extracellular matrix. This combination of condensed cells and matrix components form a functional barrier between the synovial fluid compartment and the synovial sublining region. Mechanisms contributing to the structural integrity of the synovial lining are beginning to emerge. Although electron microscopy demonstrates synovial lining discontinuity with evidence of significant intercellular matrix space, it also shows the formation of cell-to-cell contacts with communicating cellular processes \[[@B1]\]. The recent identification of cadherin-11 expression by FLSs provides further insight into mechanisms of synovial lining formation and structural organization and integrity \[[@B16]\]. The homophilic adhesion properties of cadherin-11 probably provide a molecular basis for specifying the FLS-to-FLS adhesion that is crucial for the structural integrity of the synovial lining. Indeed, we have recently found that cadherin-11-deficient mice have an attenuated synovial lining (unpublished). In addition, heterophilic adhesion molecule receptor--ligand pairs including α4β1-integrin--CD106 (VCAM-1) are expressed by FLSs and synovial macrophages, providing a means for mediating cellular interactions within the synovial lining layer \[[@B18]\].

In the context of inflammatory arthritis, the synovium undergoes profound changes in cellular content and physiology. In particular, rheumatoid synovitis is characterized by a distinct mesenchymal reaction that yields the formation of a condensed mass of cells (pannus) that encroaches over and invades the cartilage from the periphery of the joint \[[@B19]\]. The predominant cell type found in pannus exhibits fibroblast-like features and is presumably derived from synovial FLSs. Unlike other portions of the hyperplastic synovium, no lining cell layer can be distinguished in the pannus. Instead, it is a continuous mass of cells that is attached to and extends onto the articular cartilage. Cadherin-11 expression on FLSs might be important in the formation and behavior of pannus tissue. Given the role of cadherins in other tissues in mediating cell condensation and tissue extension (Fig. [2](#F2){ref-type="fig"}), the synovial cadherin is probably involved in the process of cell condensation during pannus formation and might provide a molecular means for pannus invasion in which FLSs crawl over each other to extend the tissue onto the cartilage surface and become invasive.

Cadherin-11 as a regulator of cell behavior beyond cell-to-cell adhesion
========================================================================

Accumulating evidence indicates that classical cadherins control a wide array of cellular functions \[[@B6]\]. In this regard, E-cadherin in epithelial tissues has been the most studied. The significance of E-cadherin for epithelial cell function is suggested by the fact that malignant transformation frequently coincides with the loss of E-cadherin function \[[@B20]\]. Experiments with tumor cell lines and transgenic mouse models have now established that the loss of E-cadherin function is causally involved in the development of carcinomas. Remarkably, reconstitution of functional E-cadherin by transfection in poorly differentiated carcinoma cell lines suppresses their invasive phenotype. Maintenance of E-cadherin expression during tumor development in a transgenic mouse model of pancreatic β-cell tumorigenesis resulted in the arrest of tumor progression at the non-invasive stage, whereas the expression of a dominant-negative E-cadherin yielded invasiveness and early metastasis \[[@B7]\]. The mechanisms by which E-cadherin mediates its tumor suppressor function are being elucidated. Studies now indicate that E-cadherin is not simply effective by physically joining cells, thereby preventing them from breaking away from the tumor mass and becoming invasive. E-cadherin actively regulates cell functions by interfering with intracellular signaling circuits. β-Catenin, which links cadherins to the cytoskeleton, has a central function in these signaling circuits. Thus, besides being crucial for cadherin-mediated cell-to-cell adhesion, β-catenin also binds to and activates the TCF/LEF-1 transcription factor, a key element in the Wnt signaling pathway \[[@B5],[@B21]\]. Alterations in the expression or function of E-cadherin alter the cytosolic pool of the β-catenin pool and thereby influence the TCF/LEF-1 transcriptional program of tumor cells. In addition to p120 catenin (p120^ctn^) binding to the cadherin cytoplasmic tail at the juxtamembrane domain, p120^ctn^regulates Rho-family GTPases \[[@B22]\]. The small GTPases RhoA, Rac1, and Cdc42 are well known for their roles in controlling cytoskeletal organization and cell motility \[[@B23]\]. Importantly, only cytosolic p120^ctn^influences small GTPase activity, whereas cadherin-bound p120^ctn^does not. Furthermore, p120^ctn^is able to translocate to the nucleus and bind to Kaiso, a newly discovered member of the POZ/ZF family of transcription factors \[[@B24]\]. Thus, both β-catenin and p120^ctn^, proteins that bind the cadherin cytoplasmic tail, may translocate to the nucleus and directly influence the transcriptional program of cells.

Recent studies identified the expression of cadherin-11 on cancer cells \[[@B8],[@B25]\]. Strikingly, cadherin-11 expression was associated with enhanced tumor cell motility and invasiveness, thus showing an effect opposite to that of E-cadherin. Furthermore, transfection of cadherin-11 into cells *in vitro*resulted in increased, rather than decreased, motility and invasiveness \[[@B8]\]. The basis for the functional difference between the effects of E-cadherin and cadherin-11 is not clear. However, these data suggest that cadherin-11 expression confers upon cells a fundamental change in cellular behavior. Therefore, cadherin-11 expression on FLSs might have a determining role for FLS behavior and differentiation with implications for the synovial lining layer as well as the organization and behavior of pannus tissue in RA.

Conclusion
==========

Cadherins have emerged as the predominant group of cellular adhesion molecules involved in morphogenesis, determining tissue integrity and architecture, and regulating cell differentiation \[[@B3]\]. The identification of cadherin-11 expressed on FLSs provides the opportunity to unravel the mechanisms of synovial tissue morphogenesis and differentiation. Indeed, transfection of cadherin-11 confers upon cells the ability to become organized into a tissue-like structure that resembles the synovial lining layer. Given the expression of cadherin-11 in FLSs, elucidating its regulatory role on FLS behavior will represent a major advance in our understanding of synovial biology, providing new insights into processes that control the synovial mesenchymal response to inflammatory reactions. Ultimately, this new path of studies might reveal novel therapeutic targets for intervention in the destructive process of rheumatoid arthritis.
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![Schematic representation of the cadherin-11 adhesive junction. In the intercellular space, cadherin-11 extracellular domains interact with cadherin-11 extracellular domains of adjacent cells to mediate cell adhesion. Lateral clustering of cadherin molecules is required to form stable cell-to-cell contacts. The intracellular catenins bind to the cytoplasmic tail of cadherin-11. p120 catenin (p120^ctn^) binds the cadherin tail at the juxtamembrane domain, whereas β-catenin binds the distal domain, the β-catenin binding sequence. α-Catenin associates with β-catenin and is directly linked to the actin cytoskeleton.](ar1495-1){#F1}

![Cadherin-dependent morphogenic processes. Condensation is mediated by cadherins, the intracellular catenins, and the actin cytoskeleton and results in the regional accumulation of like cells. The condensed accumulation of fibroblast-like synoviocytes is responsible for the morphogenesis of the synovial lining layer. Cellular rearrangement is another morphogenic process that involves cell movement and the reorganization of cellular adhesive contacts within the tissue. Compelling evidence indicates that cadherin participates in this process by providing a molecular stratum for cells to crawl over each other, thereby extending the tissue.](ar1495-2){#F2}

![Cadherin-11 mediates cell condensation. Cadherin-11-transfected L-cells or vector control L-cells were seeded in equal numbers. After 4 days in culture, cadherin-11-expressing L-cells formed extensive contacts along their surfaces and condensed at higher cell density to form a continuous sheet of cells. In contrast, vector control L-cells were loosely organized and did not form a tissue-like structure. (Reproduced from *The Journal of Experimental Medicine*2004, **200:**1677 by permission of The Rockefeller University Press \[16\].)](ar1495-3){#F3}

![Cadherin-11 mediates lining layer-like formation. Discrete regions of tissue culture dishes were coated with fibronectin (FN), followed by blocking of the entire dish with bovine serum albumin (BSA). L-cells were seeded at equal numbers and cultured under serum-free conditions. After 2 days in culture, cadherin-11-expressing L-cells condensed and accumulated at the FN--BSA interphase to form a lining layer-like structure. In contrast, vector control L-cells were randomly distributed at the FN-coated area and did not form a lining layer. (Reproduced from *The Journal of Experimental Medicine*2004, **200:**1678 by permission of The Rockefeller University Press \[16\].)](ar1495-4){#F4}
